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We performed dynamic and nonequilibrium phenomena studies by using trapped
rubidium atom 85 in a parametrically modulated magneto-optical trap which
has characteristics of the non-linear harmonic oscillator. The dynamic bistable
state of our system is obtained by modulating the intensity of the trapping laser
for the magneto-optical trap at twice of trap frequency. The nonlinear dynamic
system is realized by adjusting the phase of modulated intensity of trap lasers
such as the parametric resonant oscillator and the Duffing oscillation in our sys-
tem and various nonlinear phenomena have been studied with these nonlinear
dynamic systems.
The spontaneous discrete time-translational symmetry breaking transi-
tion occurs from dynamic bistable states of the system when the total number
of atoms exceeds a certain number of atoms which is called the critical num-
ber. This phenomenon shows a very similar to the phase transition phenomena
of mean-field model. Particularly, the hysteresis observed in the spontaneous
discrete time-translational symmetry breaking transition when we change the
i
number of atoms with a constant rate. We predict that the hysteresis is gener-
ated by slowing down near the critical point. In addition, we study the univer-
sality class of the hysteresis with theoretical approaches. And we predicted that
the hysteresis by sweeping the number of atoms is an analogy with the thermal
hysteresis in mean-field model.
We measured the relaxation time at some points in spontaneous discrete
time-translational symmetry breaking transition with changing the total num-
ber of atoms. The experimental results of relaxation time are demonstrated that
the critical slowing down phenomenon occurs in our system which has longer
relaxation time when it approaches the critical point. Furthermore, it has been
described theoretically the relaxation time at each point from the mean-field
equation of motion of the order parameter. In order to determine the physical
characteristics of the hysteresis, we obtain experimentally the scaling exponents
of hysteresis loop area and hysteresis width. These results are shown that the
hysteresis in our system is similar to the thermal hysteresis in mean-field theory.
From the study of thermal hysteretic behaviors in the parametrically modulated
cold atomic system, we expect that our system is a good model for understand-
ing the thermal hysteresis in various fields such as molecular switching, temper-
ature driven metal-insulator transition (MIT) and antifreeze proteins (AFPs).
Keywords : nonequilibrium, parametric resonance, discrete
time-translational symmetry breaking, mean-field theory, thermal hysteresis,
ii
critical slowing down, scaling behavior
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The atomic physics has evolved with the advent of quantum mechanics, which
started as an attempt to understand the internal structure of the atom, such as
the atomic model of Bohr. To study the detailed internal structure of the atom as
hyperfine structure, the interaction with light sources which have a coherence is
analyzed and it was needed atoms which move slowly for precise measurements.
The atomic physics made a great development with the laser cooling methods
[1]. The technique of confining atoms move slowly by laser cooling with the
magnetic field is succeeded. Steven Chu, Claude Cohen-Tannoudji and William
D. Phillips won the Nobel prize for the technique to cool and trap atoms in
1997 [1,2]. Magneto-Optical Trap method has been used in a variety of atomic
physics. The ultra-cold atoms near the absolute zero temperature were made
to overcome the limitations of the cooling method using a laser as evaporative
cooling. And the theoretically predicted Bose-Einstein Condensate (BEC) was
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realized in 1995 [8,9]. The realization of BEC led to the development of research
for quantum gas such as degenerate Fermi gas [12, 13]. In recent years, various
studies such as precision measurement with atomic interferometry and quantum
information using ion trap have been progressed [10,22].
Although the MOT system in atomic physics has obvious limitations,
it is still important as studying the nonlinear and nonequilibrium dynamics
in a many-body system. Since the MOT is the system which has cooperative
effects between atoms due to the interaction with the light and precise and
easy controllability of parameter of the system. We studied the nonequilibrium
dynamics by the external field, the phase transition in nonequilibrium system
and kinetic phase transition in our previous works [6, 7, 23].
It is important to understand non-equilibrium phenomena in a far from
equilibrium system since the most of the natural phenomena occur in non-
equilibrium conditions and it is still at early stages of its research. To understand
non-equilibrium phenomena, various nonlinear oscillators, such as Duffing and
parametric oscillators, have been studied in electric circuits, nano-mechanical
beam oscillators, and trapped ion systems [1–3]. In addition, the modulated
magneto-optical trap (MOT) system is also a good platform for studying the
nonlinear oscillators [4,5]. In this system, the Duffing and parametric oscillators
were implemented by modulating the intensity of lasers [6, 7].
Especially, the critical dynamics such as critical slowing down, one of
nonequilibrium phenomena, have studied in an economy system, a biological
system and solid state system [11–13,27]. And hysteresis, one of non-equilibrium
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phenomena with varying temperature of system, is one of the most interesting
topics that have been studied in various fields such as molecular switching using
spin crossover [8–10], temperature driven metal-insulator transition (MIT) in
solid state devices [5,11], and antifreeze proteins (AFPs) in bionic system [6,7].
In this thesis, we described the detailed experimental setup of para-
metrically modulated MOT system such as vacuum system, laser setup and its
stabilization for realization of a parametric oscillator. In addition, the control
systems of our experiments are described. (Chapter 2)
We briefly presented the parametrically modulated MOT system with theoret-
ical description. Two phenomena that be caused the dynamics of our system,
fluctuation-induced transition and light-induced inter-atomic interaction are de-
scribed in this thesis. And we described the hysteresis as a response to the
sweeping of the total number of atoms in the spontaneous symmetry breaking
(SSB) transition. (Chapter 3)
The hysteresis as number sweeping in SSB transition is caused by the
critical dynamics which is called the critical slowing down. In general, the time
that a system takes recovery from a perturbed state, so-called relaxation time
diverges near the critical point of the phase transition of the system. This phe-
nomenon is called critical slowing down. We measure the relaxation time that
takes to evolve to the stationary state after stopping the number sweeping and
observe the slowing down phenomena in our system with the experimental re-
sults. (Chapter 4)
In addition, we described the theoretical approach to determine the
3
university class of the hysteresis by number sweeping through the mean-field
model. It predicted that the hysteresis in our system is an analogy with the
thermal hysteresis in the mean-field theory. We analyzed the scaling behavior
of the hysteresis by measuring the scaling exponents of our system and it is the
well-matched results with the theoretical expectation. By define a new scaling
exponent of the hysteresis and study its physical meaning, we described the
characteristics of our system. (Chapter 5)
And other work, the experimental setup and results in the 87Rb MOT
system are described in the Chapter 6. and the detailed calculations or experi-
mental methods is attached in the appendix.
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The experimental setup of our system is basis on a conventional six-beam
magnetic optical trap(MOT) of 85Rb which has three orthogonal pairs of count-
propagating beam and the intensities of laser on each axis are controlled by
the acousto-optical modulator(AOM). A brief overview diagram for our system
is shown in Figure 2.1 For achieving the parametric resonance in MOT, the
intensity of trap laser on axis of anti-Helmholtz coil (z-axis of the system) is
modulated as twice of trap frequency (about 150Hz). Also, the trap laser in-
tensity of z-axis is weaker than the one of other axes, then the movement of
atoms is approximated in one-dimensional [1]. For adjusting the total number
of atoms in the system, we change the intensity of repumping laser and it was
controlled by neutral density (ND) filter. To observe the movement of atoms
8
Figure 2.1: A schematic diagram of the experimental setup. The intensity of
trapping laser is controlled independently by AOMs of each axis and the inten-
sity of repumping laser is controlled by ND filter mounted on step motor.
in the parametrically modulated MOT and obtain a number of atom density
distributions we used a charge-coupled device camera. More specific details of
each part are explained in the next section.
2.2 Experimental Setup
2.2.1 Vacuum System
In order to trap the cold atoms by cooling effectively, the high vacuum system
is essential. For this, we use stainless steel chamber which has 8 viewports with
anti-reflection (AR) coating as shown in Fig. 2.2 (a). And we use the ion pump
9
Figure 2.2: Photographs of Experimental Setup : (a) Chamber (b) Optics Setup
(c) Trapping Laser and MOPA and (d) Repumping Laser.
(Duniway V220) of 220l/s to maintain the vacuum pressure as below 5 × 10−9
torr. The Rb getter is inside the chamber for supplying the rubidium atoms.
In addition, the magnetic field gradient about 10G/cm was generated by the
anti-Helmholtz coil which is attached outside of the chamber as shown Fig. 2.2
(a).
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2.2.2 Laser Frequency Stabilization
We use two external cavity diode laser for trapping and repumping laser. Tot-
ica DLX110 laser (power 1W) for a trapping laser as shown in Fig. 2.2 (c) and
another DLX110 laser is used but it is part of total power (about 100mW) for
seeding laser as shown in Fig. 2.2 (d). To amplify the repumping laser power up
to 300mW, we use the SDL-TC30 master oscillator power amplifier (MOPA)
because it is more stable than using the DLX110 directly. In order to obtain
the good Gaussian beam profile, all lasers are coupled with the single mode
fibers and we use the three AOMs to manipulate the trapping laser intensity
each axis independently. The laser frequency shift by the AOMs is from 70MHz
to 110MHz. To realize the parametric oscillator in a cold atomic system. We
need to stabilize the laser frequency below 1MHz precision and for this, we use
the atomic hyperfine level as a reference for specific locked points of the laser
frequency. We use the saturated absorption spectroscopy (SAS) and the modula-
tion transfer spectroscopy (MTS) together to overcome the Doppler broadening
of spectral line and resolve the hyperfine levels of rubidium atom [2–4]. We use
the rubidium-85 D2 transition hyperfine structures as shown Fig. 2.3 and Fig.
2.4 for trapping lines (F=3 → F=2,3,4 transitions) and repumping lines (F=2
→ F=1,2,3 transitions). The frequency of repumping laser is locked by top-of-
fringe locking method at exact F=2 → F=3 transition line with the spectrum
line of SAS. But the frequency of trapping laser is locked by the side-of-fringe
locking method at the red-detuned F=3 → F=4 transition line with the spec-
11
Figure 2.3: Rubidium 85 D2 transition hyperfine structure [5].
trum line of MTS and it is controlled finely by AOM. Since the MTS signal
is more stable than SAS signal against the change of the external environment
(temperature and the intensity of laser).
2.2.3 System Control
For obtaining the florescence images of trapped atoms, we use charge coupled
device( CCD) camera which is controlled by the software program ’WinSpec32’.
And we use the Labview program for control precisely the ND filter mounted
12
Figure 2.4: The saturated absorption spectroscopy (SAS) signal of (a) Trapping
laser (b) Repumping laser and modulation transfer spectroscopy (MTS) signal
of (c) Trapping laser.
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to the stepper motor. By control the repumping laser of the system with ND
filter, we adjust the total number of atoms. In addition, we improve the Labview
program to be able to repeat the increasing and decreasing sequence in order.
It was described in detail in the appendix. The manipulations of phase shift
between the modulation signal of the left side of z-axis and the one of the other
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Chapter 3
The Driven Cold Atom System
3.1 Parametrically Modulated MOT System
In our system, we restrict the movement of atoms in one dimension by the laser
intensity of z-axis, the axis of the anti-Helmholtz coil, is enough weaker than
the one of other axis. We can assume the two-level approximation in typical
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4
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(δ − kż − µBb~ z)2
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4
Γ2





where m is the mass of an 85Rb atom, k is the wave vector, Γ is the decay rate
of the excited state of the atom (=2π×6.07 MHz for 85Rb atom), µB is the
Bohr magneton, δ is the detuning of the laser frequency relative to the atomic
resonance frequency, and b is the magnetic field gradient. s0 is the intensity of
16
the laser normalized to the saturation intensity Is (=1.67 mW/cm
2 for cycling
transition).
The equation (3.1) can be expanded in a power series of z and ż when
the value s0 is enough small, then the equation is simply written by










where ω0 is the trap frequency, β is the damping coefficient, and A0 is the


















In order to obtain the parametrically driven nonlinear oscillator in our
system, we modulated the intensity of trapping laser as near the twice of the trap
frequency. Then, we observe the parametric resonance which has two identical
atomic clouds with the phase difference of π. It was observed in our previous ex-
periments [7,8]. And the schematic is in the Figure 3.1. We use the conventional
six-beam MOT had a pair of counter-propagating and intensity-modulated trap-
ping lasers along the anti-Helmholtz coil axis (z-axis) [7]. The magnetic field
gradient b was 10 G/cm, and the trap laser intensity was about 0.294 mW/cm2.
The detunings were about −2.05Γ (Γ = 2π× 6.06 MHz is the decay rate of the
excited state of 85Rb) in the z-axis and −2.32Γ in the x- and y-axes.
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Figure 3.1: The schematic diagram of parametrically modulated MOT. The
intensity of trapping laser on z-axis is modulated with modulation frequency
ωF and the system has two attractors.
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The equation of motion of an atom in a parametrically modulated MOT,
modifed form of Eq. (3.2) is given by
z̈ + βż + ω20(1 + ε cosωF t)z + A0ω
2
0z
3 = 0. (3.6)
where ε is relative amplitude and ωF is the modulation frequency.The equation
of parametrically modulated MOT equation has two stable states in the rotating
frame. Thus, the parametrically modulated MOT system has bistable states
and a discrete time-translational symmetry with respect to time translation by
the modulation period τF = 1/ωF as shown in the Fig. 3.2. But the period
doubling does not break the time translation symmetry due to the fluctuations
of the system. Even though the vibrational state by modulation has a lower
asymmetry, the clouds are equally populated immediately by the fluctuations
then, system remains symmetric state [1]. But, when the total number of atoms
of the system increases and exceeds a certain number which is called the critical
number the spontaneous symmetry breaking (SSB) transition occurs as shown
in Fig. 3.2.
The SSB transition is originated from the light-induced interaction be-
tween two atomic clouds in this system. It is called shadow effect and it occurs
because the one cloud which relatively has a large number of atoms obscures
the laser from the other side of the atomic cloud. The atom on the side of
less number of atoms moves toward the other side since the shadow effect as
shown in Fig. 3.2. And we observe the SSB transition in a graph of the nor-
malized number difference with the total number of atoms(Fig. 3.2). And the
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Figure 3.2: Typical images of spontaneous symmetry breaking transition and its
graphs of the normalized number difference with the total number of atoms. The
time-translational symmetry with respect to time translation by the modulation
period τF and it changes to 2τF when the symmetry breaking occurs [1].
critical exponents of transition, to characterize the universal class of that, are
measured in our previous works [9]. The light-induced interatomic interaction





The present of noise enables the system to not infrequently overcome the acti-
vation barrier and switch between the bistable states. This transition has been
studied in various system and it was described by Kramers’ equation in equilib-
rium system [5, 10, 11]. In nonequilibrium system such as parametrically mod-
ulated system, theoretical calculating the transition rate was performed. The
transition rate in many nonequilibrium systems was described by the similar
form of the Kramers’ equation [6,7]. The noise-induced transition rate is impor-
tant quantity to understand many phenomena related to the stochastic systems.
We measured the fluctuation-induced transition rate experimentally in
our system [8]. It was done by emptying one of the two atomic clouds and
measuring the subsequent recovery time of the empty one. For doing this, we
used the additional bias field which was realized by bias modulation with half
the parametric modulation frequency ωF/2. When we applied the bias field in
the direction of one cloud, the cloud has most of the population. And the bias
field was turned off suddenly, then two atomic clouds repopulated equally by the
fluctuation-induced transition. We measure the repopulation time for transition
rate. The transition rate is extracted from the decay of the number difference
of the atomic clouds as shown in Fig. 3.3 (b).
N1 −N2 = N0 exp(−2Wt), (3.7)
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where N1 and N2 are the population of the each cloud, N0 is the con-
stant and W is the fluctuation-induced transition rate between two clouds. The
measured transition rate W is 0.1 to 5 s−1 as the experimental parameters. In
our system as shown in Fig. 3.3 (b), the obtained transition rate is about 0.31
s−1.
Note that the transition rate W has the form similar to the Kramers’
equation in equilibrium system,
W = C exp(−R/D), (3.8)
where C is the constant, D is the diffusion constant (or noise intensity) of
the system, and R is the activation energy which corresponds to the height
of the barrier of the potential in equilibrium systems. The activation energy
R is the most important quantity to describe the system dynamics, and we
give the theoretical analysis for the activation energy on our previous work by
path-integral formalism [1].
3.2.2 Light-Induced Inter-atomic Interaction
The another dynamic of the system is inter-atomic interaction due to laser
light. It comes from the shadow effect which is originated from shielding the
laser light applied to the atoms by other atoms [9, 12]. The interaction is the
long-range interaction and affects the switching rate between the atomic clouds.
In the one-dimensional picture, the shadow force on ith atom with coordinate zi





Figure 3.3: Typical data of the fluctuation-induced transition (a) Time evolu-
tionn of the atomic clouds after bias field is turned off (b) The decay of number
difference of two atomic clouds.
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as shown in Fig. 3.4 [1], where fsh is the shadow force due to a single atom. This
force is weak, much smaller than the Doppler force that might not be atoms to
escape from the trap. But the shadow force affects the activation energy and
compels the atoms to move toward the more populated atomic clouds. In other
words, the interaction acts to break up the symmetry of the system.
Figure 3.4: The one-dimensional model of the shadow force.
When the system has slight number difference, the fluctuation-induced
transition plays a role of keeping the symmetry of two atomic clouds. By the
competition of the noise-induced transition and the inter-atomic interaction, the
symmetry breaking transition is determined that it occurs or not. At below the
critical number of atoms, the fluctuation-induced transition is dominant. But
when the total number of atoms exceeds the critical number, the inter-atomic
interaction is dominant. Thus the spontaneous symmetry breaking transition
occurs in this condition. The fluctuation-induced transition and the inter-atomic
transition can be analogous as the thermal fluctuation and spin interaction in
the magnet system. The shadow effect is a real force, the not just model then,
the shadow force can be measured. Since the force is very weak and collective
behavior of atoms, it is difficult to quantitatively analyze. But the experimental
24
measurement of the magnitude of the shadow force and description in detail are
in our previous works [9].
3.3 Response to the Number Sweeping
In the spontaneous symmetry breaking (SSB) transition, the transition occurs
as increasing the total number of atoms. When the total number of atoms ex-
ceeds ,the critical number the order parameter of this transition, the normalized
number difference has a non-zero value and increase also as shown Fig. 3.2. And
it is the stationary solution of the SSB transition. A hysteresis occurs when the
total number of atoms changes with time. We observe the hysteresis of SSB tran-
sition by sweeping the total number of atoms uniformly in our system as shown
in Fig. 3.5. We observe that the transition points of increasing and decreasing
case shift from the critical point of the stationary solution. It is originated from
the critical slowing down near the critical point. The specific discussion of the
critical slowing down phenomena is explained in next section.
3.3.1 Analogy of the SSB transition
The spontaneous symmetry breaking (SSB) transition can be analogous as the
ferromagnetic-paramagnetic transition as shown in Fig. 3.6. At high tempera-
ture, in other words, when the temperature of the system is above the Curie
temperature, the thermal energy of magnet system is larger than the interaction
between spins thus, the high thermal energy interrupts the align of spin by spin
25
Figure 3.5: The hysteresis in the spontaneous symmetry breaking transition by
number sweeping. The sweeping rate is 1.87× 106 s−1.
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interaction [13]. It is called paramagnetic state. This is similar to the situation
that keeping the symmetry of system by the noise-induced transition although
the system has slight number difference at below critical number. Contrariwise,
when the temperature of magnet system is below Curie temperature, the spins
of the system are aligned by the spin interaction which is lager than thermal en-
ergy and it is called ferromagnetic state. It is similar to the symmetry breaking
state of our system at above critical number. In this state, inter-atomic inter-
action is dominant. Therefore, lowering the temperature in the magnet system
can be similar to the increasing the number of atoms in our system effectively
and vice versa.
27
Figure 3.6: The paramagnetic to ferromagnetic phase transition in the magnet
system. It can be analogous with symmetry breaking transition in our system.
28
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Chapter 4
Critical Slowing Down: Cause of
the Hysteresis
4.1 Introduction
The critical slowing down is a critical phenomenon of the phase transition. To
understand the slowing down we consider a ball in a well as shown in Fig. 4.1.
The ball represents a state of the system and the well represents the potential of
the system. When the ball is perturbed by changing of external conditions, it re-
covery own state relatively fast from the perturbated state in far from transition
point. As the system approaches the transition point, the width and stiffness
of the well become lower [1]. It means that the transition happens easily by
perturbation. Thus, the recovery time of the state of the system from perturbed
state to equilibrium state becomes longer, when the state of the system ap-
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Figure 4.1: A illustration of the crtical slowing down phenomena.
proaches the point of transition. We theoretically describe the critical slowing
down and obtain the relaxation times at each point of system experimentally in
next section.
4.2 Theoretical Description
4.2.1 The Mean-Field Equation of Motion of Order Pa-
rameter
The SSB transition originates from the light-induced long range interaction
which is called shadow force, due to the shielding effect of atoms from the
laser light by other atoms [2, 3]. Hysteresis loops are observed with a constant
sweeping rate of a total number of atoms. In one-dimensional approximation
the force, exerted on one atom at the coordinate zi from other atoms, can be
described as F i = −fsh
∑
j sgn (z
i − zj) where fsh is a constant representing the
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shadow force due to the single atom [4] and it is a value related to critical number
of atom in this system. In order to theoretically describe the symmetry breaking
transition with sweeping of total number of atoms, the dynamic evolution of the





















are the transition rates between the two clouds and the indices i, j are 1 or 2, W0
is the transition rate without additional modulation. We note that N = N1 +N2
is the total number of atoms. λ ≡ θ+ 1 = N/Nc represents the normalized total
number of atoms where Nc is the critical number of the SSB transition and θ is
the reduced total number of atoms. R is the sweeping rate of the total number
of atoms.
Solving Eqs. (4.1) and (4.2) for the normalized number difference be-
tween the two clouds, x = (N1−N2)/N , which corresponds to the order param-
eter of the SSB phase transition, we obtain:
d(N1 −N2)
dt
= −2W12N2 + 2W21N1. (4.4)































exp (−λx) + (1− x)
2
exp (λx)]. (4.8)





= −x cosh[(θ + 1)x] + sinh a[(θ + 1)x]. (4.9)
Since the total number was swept with a uniform rate, the total number
of atoms becomes a function of time. Thus, the reduced number can be written
as θ(t) = θ0 + R
′t where R′ = R/Nc. When the total number of atoms is
changed with time, the light-induced inter-atomic interaction caused by shadow
force is changed in accordance with the total number of atoms as well. Due
to this variation of the interaction, the order parameter relaxes toward a new
equilibrium state which is appropriate to the total number of atoms at that
time. This relaxation time is expected to become larger when the total number
approaches the critical number. When the reduced number of atoms θ is a
function of time, the numerical results of the Eq. 4.9 are shown in Fig. 4.2.
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Figure 4.2: The numerical results of mean-field equation of motion with ex-
periments. After stopping sweeping number of atoms at some point, the order
parameter of transtion relaxes to the state of stationary solution.
4.2.2 Relaxation Time
In order to obtain the relaxation time at some point of reduced total number
of atoms, we expand right-hand side of Eq. (4.9) about the point x = xs [5]
and the reduced total number of atoms becomes a constant since the number




∼= −x+ (θ + 1)x
= θx, (4.10)




∼= − |θ|x. (4.11)
And thus, the order parameter is given by







where η = 1/(2W0), and x0 = x(t = 0). The obtained result of order parameter
means that it exponentially decay with time evolution. When θ > 0, i.e. N > Nc,
xs = tanh a[(θ + 1)xs]. Then, we can expand Eq. (4.9) about xs up to the first




∼= −xs cosh [(θ + 1)xs]
− (cosh [(θ + 1)xs] + (θ + 1)xs sinh [(θ + 1)xs]) (x− xs)
+ sinh [(θ + 1)xs] + (θ + 1) cosh [(θ + 1)xs] (x− xs) (4.13)
from the stationary solution xs cosh[(θ+1)xs] = sinh[(θ+1)xs]. Then Eq. (4.13)






1− (θ + 1)(1− x2s)
]
cosh a [(θ + 1)xs] (x− xs) (4.14)
The solution of Eq. (4.14) is simply given by







where ε = [1− (θ + 1)(1− x2s)] cosh [(θ + 1)xs].
And this result represents that the order parameter exponentially decays
with time and converge to the stationary solution of the order parameter. In
Figure 4.3, we obtained the time evolution of the order parameters after stopping
number sweeping. The order parameter exponentially decays with time as we
expected and the time constants of a solution of the order parameter becomes
longer as shown in Fig. 4.3.
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Figure 4.3: Time evolution of the order parameter after stopping number sweep-
ing at each points of the reduced total number.
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|θ| , for θ < 0 ,
η
ε
, for θ > 0 .
(4.16)
It is expected to increase when the reduced total number of atoms approaches
the critical point.
4.3 Experimental Methods
The parameters of the system, the laser condition and magnetic field are same
as the description in chapter 2. For measuring the relaxation time, we obtain
the time evolution of the order parameter Immediately after stopping sweeping
the number of atoms. The sweeping rate is fixed as 3.72 × 106 s−1, This is an
expected value when the pulse interval of stepper motor is 5ms. And the values
of the result were the average of the performed experiments over more than
three times. The evolution times of the order parameter were enough long that
the order parameter approaches the equilibrium.
4.4 Experimental Results and Discussion
We obtained relaxation times experimentally by measuring the time that the
order parameter has been stabilized to the steady state when stopping changing
the number of atoms at some points during the process of number sweeping as
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shown in Fig. 4.3. And the Figure 4.4 shows the measured relaxation time at
various reduced numbers of atoms with sweeping rate R = 3.72×106 s−1. As can
be seen in Fig. 4.4, the relaxation time increases as the reduced total number of
atom approaches toward the critical number of the phase transition and diverges
at the critical point θ = θc(= 0) as expected. In Fig. 4.4, the red solid curves
represent the solutions of Eq. (4.16). The difference between numerical results
and experimental data is originated from high order term of expansion of Eq. 4.9
at both side. But numerical results and experimental data are consistent well
near the critical number of the transition. Furthermore, Since the relaxation
time increase when the system approaches critical point, It is considered to be
sufficient as proof of the slowing down.
39
Figure 4.4: Measured relaxation times to the equilibrium state at each reduced
number superimposed with numerical results of Eq. (4.16) with Nc = 4.81×107
and R = 3.72× 106 s−1.
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Chapter 5
Scaling Behavior of the
Hysteresis
5.1 Introduction
Hysteresis, one of non-equilibrium phenomena with varying temperature of
system, is one of the most interesting topics that have been studied in vari-
ous fields such as molecular switching using spin crossover [8–10], temperature
driven metal-insulator transition (MIT) in solid state devices [5, 11], and an-
tifreeze proteins (AFPs) in bionic system [6, 7]. The phenomenon of thermal
hysteresis was reported in mean-field model [8].
In this model the closed hysteresis loop area (A) scales with a rate of
temperature R as
A = A0 + bR
n, (5.1)
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where n is the scaling exponent of the hysteresis and A0 and b are constants. It
is known that n approaches two-thirds which is universal for both the mean-field
and field theoretical models concerned [8, 9].
In this thesis, we observed a hysteretic behavior of spontaneous symme-
try breaking (SSB) transition in the modulated atomic system by sweeping the
total number of atoms linearly. We determined the universality class of the hys-
teresis by obtaining the scaling exponent of hysteresis loops. First, we analyze
theoretical description for determining the class of hysteresis in next section.
We discuss the scaling behavior of the hysteresis and physical meaning also
5.2 Modeling of the Hysteresis with Mean-field
Theory
In order to identify the class of the hysteresis in our system, we analyze the SSB
transition. When the trapped numbers of the two atom clouds of parametrically
modulated MOT are N1 and N2, the probability of system which describes the
many-body system since it has above 107 atoms, P1(N1) can be obtained from
the following master equation [10]:
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Figure 5.1: A schematic of the master equation in parametrically modulated
MOT system.
Ṗ1Υ(N1) = − [µ(N1) + ν(N1)]P1(N1)
+ν(N1 − 1)P1(N1 − 1)
+µ(N1 + 1)P1(N1 + 1),
µ(N1) = N1W12(N1;N),
ν(N1) = (N −N1)W12(N −N1;N). (5.2)
The stationary solution of Eq. (5.2) is becomes












 exp [−2αN1(N −N1)] , (5.4)
where Z is a normalization constant, α = Nc ∝ fsh/T , and T is temperature of
the system.
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The reduced difference of the cloud populations, i.e., the order parameter
of the phase transition, is determined theoretically by the maximum of the






















where α = 1/Nc and θ = N/Nc − 1. If the Landau type free energy per single
atom of the system is defined by L ≡ x4/12− θx2/2, it has an analogous form











where r is the reduced temperature with respect to the critical temperature, u,
v are parameters, and H is the external field. In our case the sixth power term
in Eq. (5.6) is negligible and H is zero. Thus, the parameter θ plays a role of
reduced temperature which is the deviation from the critical temperature and is
the control parameter. In contrast, x plays a role of the order parameter in the
phase transition [10]. Therefore, the hysteresis of SSB transition which occurs
by the total number sweeping has an analogy with the thermal hysteresis in
other systems.
When the reduced total number of atoms (θ) is negative, the solution
has one maximum at x = 0, and it has two maxima when θ is positive [10].
They are described by the following equation:
x = tanh a [(θ + 1)x] , (5.7)
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that generates the red solid curves in Fig. 5.3.
5.3 Experimental Methods
The experimental setup of the system is described in detail in chapter 2. The
magnetic field gradient b was 10 G/cm, and the trap laser intensity was about
0.294 mW/cm2. The detunings were about −2.05Γ (Γ = 2π × 6.06 MHz is the
decay rate of the excited state of 85Rb) in the z-axis and −2.32Γ in the x- and
y-axes.
The modulation frequency of the trapping laser along the z-axis is twice
of the trap frequency in the same direction and it can be adjusted by the function
generator. In this experiment, the modulation frequency is ωF ∼= 2π × 150Hz,
and the modulation amplitude was about ε ∼= 0.9.
We sweep the total number of atoms by control the intensity of re-
pumping laser of the system with ND filter and it was changed linearly in time
as shown in the Fig. 5.2. For changing the sweeping rate, we adjust the pulse
interval of each step of the stepper motor (5ms-65ms). The different area of hys-
teresis loop is due to the different sweeping rates. The calculation of loop areas
using the mensuration by parts method is described in detail in the following
appendix.
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Figure 5.2: The number of atoms increases and decreases linearly in time.
5.4 Experimental Results and Disscusion
Figure 5.3 shows the hysteresis curves as a function of the reduced atom number
with each sweeping rate of (a) 1.87× 106 s−1, (b) 9.61× 105 s−1, (c) 5.84× 105
s−1, and (d) 5.7× 105 s−1. The red curves in the Fig. 5.3 are the results calcu-
lated numerically from Eq. (5.7). The parameters, θic and θ
d
c are critical values of
the reduced number for the symmetric state to the SSB state transition (upon
increasing) and SSB state to Symmetric state transition (upon decreasing), re-
spectively. The shadow effect, which is the cause of the SSB transition, does not
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catch up with the variation of the number difference between the two clouds
because the time of order parameter to relax toward the equilibrium state be-
comes larger and larger when the number of atoms approaches the critical point.
Thus, when the total number of atoms is swept across the critical number with
a uniform speed, the hysteresis loops can be obtained during the transition as
shown in Fig. 5.3. It can be seen that the area of the hysteresis loop decreases
as the sweeping rate of the total number of atoms is decreased.
Figure 5.4 (a) presents the scaling behavior of hysteresis loop areas versus
the sweeping rate (R) of the total number of atoms on the log-log scale. Each
points in Fig. 5 was obtained by averaging the experimental values more than
three times and the constant term A0 was derived by a linear fitting the plot
of the hysteresis area A versus the sweeping rate R. The scaling exponent n in
our system is 0.64 ± 0.04 which is quite close to the value given in the mean
field theory [8]. Therefore, it is clearly seen that the hysteresis by the number
sweeping in modulated MOT system exhibits a thermal hysteretic behavior. We
define the hysteresis width as ∆θ =
∣∣θic − θdc ∣∣. It is well known that the hysteresis
width is consistent with the following scaling law
∆θ ∼= Rβ, (5.8)
where β is a scaling exponent [11]. The scaling exponent can be obtained by
fitting the hysteresis width data to the double logarithmic form in Eq. (5.8).
Log-log plot of the width of hysteresis ∆θ versus sweeping rate R is shown in
Fig. 5.4 (b). The scaling exponent (β) of hysteresis width in this work was found
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to be 0.44± 0.025. This value is very close to the value predicted by the theory
of the kinetic Ising model, which is 0.465 [12].
Figure 5.3: Measured hysteresis loops for various sweeping rates (pulse inter-
vals). (a) 1.87 × 106 s−1 (10 ms) (b) 9.61 × 105 s−1 (20 ms), (c) 5.84 × 105 s−1




Following the scaling theory of thermal hysteresis by Zhong et al. in Ref. [8], the
scaling exponent of hysteresis width should have the physical meaning of resis-
tance characteristics in the glass transition and coercivity in the spin transition.
It means that ability of the system to withstand against the external stimulus
without internal changes. Especially, to describe resistance of the system it
should be compared with the exponent n reported in mean-field model [8,9,13].
The obtained value in our system is β ∼ 0.44± 0.025, which is smaller than the
scaling exponent n in the mean-field model. This implies that our system is a
model which has a rather low resistance.
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Figure 5.4: Log-log plot of (a) the hysteresis area A and (b) the hysteresis
width ∆θ versus number sweeping rate R. The solid red curves in (a) and (b)
are logarithmic fits of Eqs. (5.1) and (5.8), respectively.
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Chapter 6
Other Works in the 87Rb MOT
System
6.1 The Evaporative Cooling of 87Rb Atoms in
a Magnetic Trap
In order to obtain the Bose-Einstein Condensate (BEC) of 87Rb, we used a
double-MOT system to overcome a contradiction about the vacuum in the sec-
ond chamber as shown in Fig. 6.1. The experimental setup in detail was de-
scribed in our previous works [1]. The pressure of the 2nd chamber is below
10−11 Torr. First, we trapped the Rb atoms in the 1st chamber which is called
1st MOT and transferred to the 2nd chamber by the pushing beam which is a
resonant beam of Rb atom. The pushing beam is focused 3 mm above and 1 cm
in front of the 2nd MOT’s center to avoid scattering with the trapped atoms
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in 2nd chamber. After transferring, all processes for making the BEC proceeds
in the second chamber so, the second chamber is called science chamber. For
achieving BEC, the system is needed to have below the critical temperature. But
laser cooling method has the fundamental limit since the kicking by photons.
Then the cold atoms in MOT are transferred to the magnetic trap without
the lasers. The atoms were trapped in the |F,mF 〉 = |1,−1〉. The magnetic
quadrupole trap was calculated as shown in Fig. 6.2. The Hamiltonian of atoms
in a magnetic quadrupole trap can be expressed as [4]
H(r) = −µ ·B(r), (6.1)
where µ is the total magnetic moment of the atoms, the magnetic field of the
system is B(r) = B′(x, y,−2z). And we assume the atoms move slowly in this
magnetic field, then the potential of magnetic trap for the F = 1 manifold is
written by
EmF = UmF = gFmFµB|B(r)| (6.2)
= gFmFµBB
′r (6.3)
where µB is the Bohr magneton, mF is the projection of the total angular
momentum of the atom on the magnetic field axis, B′ is the magnetic field
gradient, and r =
√
x2 + y2 + (2z)2.
After the loading in the magnetic trap, we apply a radio frequency (RF)
field, which is the transition frequency from the magnetic sub-level of the ground
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Figure 6.1: Schematic diagram of the double MOT system.
Figure 6.2: The calculation of the magnetic quadrupole trap.
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state (F = 1) of 87Rb atom, mF = −1 to mF = +1. We use a small, few turns
of loop antenna which is attached 2nd chamber to transmit the RF-field to
the trapped atoms. The excited atoms by RF field feel the magnetic potential
contrary, then the excited atoms which relatively have large momentum escape
the trap. We succeeded the evaporative cooling in the magnetic trap as shown
in Fig. 6.3. The absorption imaging method which was used in Fig 6.3 was de-
scribed in detail in our previous works [1]. The density of atomic cloud increased
after evaporative cooling although the number of atoms decreased as shown in
In Fig. 6.3. Since the hotter atoms were kicked out by RF field.
6.2 The Time-averaged Orbiting Potential (TOP)
Trap
At the center of the magnetic trap, the magnetic field is zero. Thus the spin
of atoms can be reversed at the center of the trap, this is called the Majorana
spin-flip transitions [2]. The spin-fliped atoms escape the trap because they feels
the trap reversely and they become the trap loss. When the atoms get colder ,
the trap loss is dominant since the colder atoms are in the center of the trap.
As shown in Fig. 6.4, the evaporatively cooled atoms in the magnetic trap got
colder but the density of atoms does not increase. Therefore, the system needs a
way to remove the magnetic field is zero. We used two methods for eliminating
the trap loss, time-averaged Orbiting Potential (TOP) trap and hybrid trap
(the conventional magnetic qudrupole trap with the dipole trap)
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Figure 6.3: The absorption images of the atomic clouds, (a) before the evapo-
rative cooling (b) after the evaporative cooling. The density of atomic clouds
increased.
Figure 6.4: Typical images of the atomic clouds after evporative cooling. From
(a) to (d) were applied different frequencies of the RF field.
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The time-averaged Orbiting Potential (TOP) trap was realized by an
ordinary magnetic quadrupole trap with the additional magnetic field which
varies periodically [3]. And TOP trap is consist of the anti-Helmholtz coil pair
and the two coil pair which is generated the spatially uniform and rotating bias
field on x,y-axis which is perpendicular to the anti-Helmholtz axis as shown in
Fig. 6.5. The bias field was applied by a function generator and had a 7kHz
sine signal. The bias frequency (7kHz) is faster than the atomic motion (∼a
few 100Hz) and is slower than transition frequency (order of MHz). Therefore,
the bias field does not affect the trapped atoms The magnetic field of the TOP
trap is
B(r) = (B′x+B0cosωt, B
′y +B0sinωt,−2B′z), (6.4)
the bias field is
Bt(r) = (B0cosωt, B0sinωt, 0). (6.5)
And the magnetic potential of the TOP trap is written by





x2 + y2 + 8z2
]
. (6.6)
The potential of TOP trap, the equation (6.6), has the nonzero value at
the center of the trap (r = 0). It prevented that the atoms escape the trap at
center. By forced the RF-field, we tried to evaporative cooling in the TOP trap.
After the evaporation in the TOP trap, the density of atomic cloud decreased
only as shown in Fig. 6.6. These results say that the colder atoms were blown
up also by the fluctuations which were due to unknown reasons.
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Figure 6.5: Schematic diagram of the time-averaged Orbiting Potential (TOP)
trap.
Figure 6.6: The absorption images of trapped atoms (a) in TOP trap without
evaporative cooling, (b) and (C) are the images after evaporation.
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6.3 The Hybrid Trap
The neutral atoms are interacted with far from the resonant beam, as a result,
the atoms are trapped the optical dipole trap. The hybrid trap is one of the ways
to achieve BEC. It is consisted of the magnetic quadrupole trap and the dipole
trap [5,6]. The dipole beam blocks the hole near the center of the magnetic trap.
The optical dipole force comes from the dispersive interaction of the induced
dipole moment of neutral atoms with the intensity gradient of the light field [7].
When the electric field of the far-detuned dipole laser induces a dipole moment
p = αE , where α is the complex polarizability and E is the electric field of the
laser. The dipole potential is given by




where I = 2ε0c|E |2 is the field intensity. With rotating-wave approximation, the







where ω0 is the resonant frequency of the atom, Γ is the on-resonance damping
rate which is corresponded to the spontaneous decay rate of the excited level,
and ∆ is the detuning. The process of induction of the dipole trap in detail was
descibed in [7].
We use 850 nm and 150 mW diode laser for dipole trap and, it was
aligned along the center of the magnetic trap as shown in Fig. 6.8. A schematic
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diagram of the hybrid trap is shown in Fig. 6.7. The intensity of dipole laser is
controlled by an AOM and the laser passes through an optical fiber for a gaussian
profile. The optical fiber and the focusing lens of dipole laser are attached on
an XYZ-translator to control finely the position. In our experiment, the beam
waist of the dipole laser is 18 µm and the power in the trap is 15 mW , then
the calculated trap depth is 13 µK. The trapped atoms were cooled below few
µK after evaporation, so the depth of dipole trap was enough. But we could
not achieve BEC with the hybrid trap. We consider that the dominant reasons
for this failure are the deviated align of the point of view and center of the
trap, this mismatch was about a few mm order as shown in Fig. 6.9 (b) and
it affected significantly to the trapped atom with compared to the size of an
atomic cloud (∼= 1mm). Another reason is that the windows of glass cell in 2nd
chamber acted a lens as shown in Fig. 6.9 (a). We changed the glass cell [Fig.
6.9 (c)] and built up again as shown in Fig. 6.9(d) and (e). We obtain 1st MOT
and 2nd MOT in new setup as shown in Fig. 6.10 but could not progress to
next step because of vacuum problems.
Figure 6.7: The shematic diagram of the hybrid trap.
62
Figure 6.8: (a) The hybirid trap is consisted of the anti-Helmholtz coil and a
optical dipole beam (b) A potential diagram of the hybrid trap [8].
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Figure 6.9: The pictures of the glass cell at (a) a side view, (b) a top view,
and (c) is new glass cell. The pictures of the experimetal setup of (d) 1st MOT
system and (e) 2nd MOT system.
Figure 6.10: (a) A picture of the 1st MOT and (b) an absorption image of 2nd
MOT.
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6.4 A Oscillatory Motion in the Magnetic
Quadrupole Trap
The atoms in a magneto-optical trap undergo overdamped simple harmonic
motion in typical conditions by the trapping laser [8]. It requires high trapped
atoms density to achieve condensate, thus the larger magnetic field is applied
for the high density of trapped atoms after MOT sequence , which is called
compressed MOT (CMOT). We observed an oscillatory motion of atomic clouds
in the magnetic trap. The oscillation occurred when the holding time of the
atoms in cMOT was relatively short. In this section, we will investigate the
cause of this phenomenon, and describe a physical quantity that can be obtained
through this.
6.4.1 Experimental Methods
Our experimental setup is 87Rb MOT system using two chambers. We recap-
tured the 87Rb atoms in the 2nd chamber after the MOT was pushed from the
1st chamber by the pushing laser which has red detuned (2Γ) frequency from
the resonance of trap line. The detailed experimental setup and experimental
conditions are described in our previous works [1,9]. After magneto-optical trap
in 2nd chamber, we applied the magnetic field more tightly. This process is
called the compressed MOT (cMOT). The magnetic field gradient which is re-
lated to the additional momentum of the atoms increased more than twice from
25.9G/cm to 64.11G/cm by increasing the applied current to the anti-Helmholtz
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Figure 6.11: A schematic diagram of sequences from the MOT to the magnetic
trap. (a) the MOT, (b) cMOT, (c) magnetic trap, and (d) an absorption image
of two separated atomic clouds by oscillation.
coil from 40A to 100A. In this sequence, if the holding time was shorter than
10ms, and after that, the atoms were transferred the magnetic trap, we observed
the oscillatory motion of the atomic clouds as shown in Fig. 6.11 (d).
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6.4.2 Experimental Results and Discussion
To describe the motion of the atoms in a MOT, the total force on the atom is





1 + s0 + (2δ±/γ)2
(6.10)
respectively, where k is the wave, δ is the detuning, γ is the natural linewidth,
and s0(= I/I0) is the normalized laser intensity with Is being the saturation
intensity [10, 11]. When the Doppler and Zeeman shifts are small compared to
the detuning, the force from Eqn. (6.10) becomes
F = −βv − κr, (6.11)













where µB is Bohr magneton and m is the mass of an atom [10]. The atoms in
MOT have overdamped harmonic motion which is the force of Eqn. (6.11). The
restoring time to the center of the trap is about several ms for typical condi-
tions. When the holding time in cMOT was shorter than 10ms, the atom could
not loose their additional momentum which is from the increased magnetic field
in the cMOT during the holding time. Therefore, the atoms which are trans-
ferred to the magnetic trap moved toward the opposite direction. The magnetic
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Figure 6.12: The displacement between the two separated atomic clouds verses
the time with the absorption images at some points.
quadrupole trap is the conservative system, since there is no the damping of
system, resonant frequency laser but trap loss in the center of the trap exist
still. Therefore perturbated atoms by the compressed magnetic field move in
the magnetic trap freely. We obtained the oscillatory motion of the atom in the
magnetic trap as shown in Fig. 6.12. The holding time in cMOT (th) is 2ms
and the magnetic field gradient B′ is 164.46 G/cm.
To investigate the cause of the oscillation, we obtained absorption images
of the atoms with changing the holding time from 2ms to 12ms in cMOT
sequence and the staying time in the magnetic trap was same. In the Fig. 6.13,
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Figure 6.13: The maximum displacement of the two separated atomic clouds
verses the holding time in cMOT.
the maximum displacement between the two atomic clouds decreased, when the
holding time in the cMOT increased. The atoms which stayed in cMOT longer
than 10ms had enough restoring time to the center of the trap. As results,
we observed that the separation of atomic clouds did not emerge over 10ms of
holding time in cMOT. As the result, we proved that the oscillatory motion of
the trapped atoms in the magnetic trap occurs due to the short cMOT holding
time less than 10ms.
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The thermal hysteresis and critical slowing down are ubiquitous phenomena
that characterize the behavior of the system and it has been studied in various
fields, ranging from nonlinear dynamics in economics and finance to anti-freeze
proteins in a biologic system. We have demonstrated the critical dynamics phe-
nomena which are critical slowing down and hysteresis in parametrically mod-
ulated MOT system. The spontaneous symmetry breaking (SSB) transition is
shown in the system when the total number of atoms increase and exceed the
certain number which is called critical number. In our previous works, we an-
alyzed the stationary state of the SSB transition and its critical behavior. But
when the total number of atoms, an important factor of the SSB transition,
changes constantly with time, a hysteresis occurs in the transition.
In order to investigate the hysteresis, we observe the critical slowing
down in our system by measuring the relaxation time at each point. In addition,
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we theoretically described the relaxation time and showed that the numerical
results from the mean-field equation of motion are matched the experiments. To
characterize the hysteresis, we had the theoretical approaches and the scaling of
the hysteresis. As a result, the hysteresis has the scaling exponents as theoretical
expectation and it can be analogous to thermal hysteresis in mean-field model.
In summary, we observed the thermal hysteretic scaling behavior in a
modulated MOT system. We obtained the hysteresis loop by sweeping the total
number of atoms with a uniform speed. The scaling exponent of the hystere-
sis loop area with sweeping was 0.64 ± 0.04, which was in excellent agreement
with the expected value in the mean-field model. The scaling exponent of the
hysteresis width was obtained to be 0.44 ± 0.025. We provided a new method
for studying thermal hysteresis. Moreover, if the number decreasing (increas-
ing) process was reversed before the system went to an equilibrium state, the
hysteresis loop was not closed at the end of the decreasing (increasing) process.
This suggests a glassy behavior, and thus a further study of the glass transition
is in progress.
We succeeded to cool the trapped 87Rb atoms until 30µK in the mag-
netic quadrupole trap by the evaporative cooling method with the RF(radio
frequency) field. After then, for achieving Bose-Einstein condensate (BEC), we
tried to the time-averaged orbiting potential (TOP) trap and hybrid trap which
is consist of typical magnetic quadrupole trap and optical dipole trap. Even
though we had been not cooled the trapped atom to the critical temperature of
BEC, the experimental results of the trapping and cooling atoms in various trap
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help our further step becomes closer the BEC. In addition, we observed oscil-
latory motion in magnetic quadrupole trap by the short compressed magneto-
optical trap (cMOT) holding time. We investigated the cause of this oscillation
by measuring maximum displacement with the cMOT holding time from 2ms
to 12ms and we proof that the cause of the oscillatory motion of atoms is the





Numerical Calculation of the
Mean-field Equation of Motion
of Order Parameter
In this chapter, we present the numerical calculation of the mean-field equattion
of motion as described in chapter 4 [1,2]. These results were calculated by Math-
ematica program code. And to determine the compatibility of the expansion of
the mean-field equation, we calculated the expanded mean-field equattion of







Calculation of Hysteresis Loop
Area
In order to obtain an area of the hysteresis loop which is presented in chapter 5,
we used the mensuration by parts methods. First, we sorted the experimetal data
to avoid a complexity of calculating as shown in Fig. B.1. Difference between
original data and sorted data can be ignorable. The hysteresis loop area can be
calculated as following equation :∑
j
(θdj+1 − θdj )× xj −
∑
k
(θik+1 − θik)× xk. (B.1)
After then, we obtain the loop area by subtracting a calculated area of decreasing
sequence form the one of increasing sequence as shown in Fig. B.2. For the
calculation of the hysteresis loop area, we used the Lab-view programig language
as shown in Fig. B.3. After loading two files as increasing and decreasing, The
area was calculated by running the program. The data of calculted area can be
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Figure B.1: Experimental data of the hysteresis by number sweeping. (a) is an
original data and (b) is an sorted data.
Figure B.2: The calculted area of (a) increasing, (b) decreasing and (c) sub-
tracting.
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Figure B.3: Control panel for calculation of the hysteresis loop area
save as a law data or averaged data of same conditions.
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Appendix C
Oscillatory Number Sweeping of
Atoms
When the number increasing and decreasing of atoms are repeated periodically,
the reduced total number of atoms R(t) has triangular wave function over time















where R0 is the maximum value of reduced total number of atoms and T is
the period of the function. This function acts like a bias field effectively as
shown in Fig. C.1. It is smililar to the bias field in other work [1]. The repeated
number sweeping is worked by Labview program as shown in Fig. C.2. We
choose to repeat or not the number sweeping in the part (a) of Fig. C.2 and
other experimental condition in the part (b) of Fig. C.2. We expect to realize
the glass transition system in our setup by the periodically repeated number
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Figure C.1: A graph of the reponse of the order parameter with periodically
repeated number sweeping. The sweeping rates are (a) 4.74 × 106 s−1 and (b)
1.87× 106 s−1 .
sweeping. If the number increasing (decreasing) process is reversed before the
system goes to equilibrium, the hysteresis loops is not closed at end of the
process [4]. And this suggests the glssy behavior in our system, respectively.
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Figure C.2: Control panel for repeated number sweeping.
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우리는 비선형적 조화진동자의 특성을 가지는 매개변수 변조된 광자기
덫에 포획된 루비듐 85 원자를 이용하여 동역학적 비평형 연구들을 수행하였다.
우리시스템에서의동역학적쌍안정상태는광자기덫에사용되는포획레이저의
세기를 포획 고유 진동수의 두 배로 주기적 변조하여 얻어진다. 변조된 포획레
이저 세기의 위상을 조절하여 매개변수 공진계와 더핑 진동자와 같은 비선형
동역학계를 구현하였고, 이를 통해 다양한 비선형 현상에 대한 연구가 수행되어
왔다.
시스템의 전체 원자 수가 특정한 원자 수 즉, 임계 수를 넘어서면 동역학
적 쌍안정 상태에서 자발적 이산 시간병진 대칭성 깨짐 전이 현상(spontaneous
discrete time-translational symmetry breaking transition)이 발생한다. 이 현상
은평균장형태의상전이현상과매우유사한양상을보여준다.특별히원자수를
일정한 속도로 바꿔줄 때 대칭성 깨짐 전이 현상에서 이력현상이 관측된다. 우
리는 이력현상이 임계점 근처에서의 속도 둔화(slowing down)에 의해 발생됨을
예측하였다. 또한 이 이력현상이 어떠한 종류의 보편성(universality)을 가지는지
평균장 이론을 통하여 이론적 접근을 하였다. 이를 통해 우리는 원자 수 변화로
인한 이력현상이 평균장 형태의 열 이력현상과 유사함을 예측하였다.
우리는 전체 원자 수 변화에 따른 자발적 이산 시간병진 대칭성 깨짐 전
이 현상에서 임의의 점에서의 풀림 시간(relaxation time)을 측정하였다. 이 실험
결과들은 우리시스템에서 임계점에 접근할 때 풀림 시간이 증가하는 임계 속도
둔화 현상이 나타남을 입증하였다. 또한 각 지점에서의 풀림 시간을 질서매개변
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수(order parameter)의 평균장 운동방정식으로부터 이론적으로 기술하였다. 이
이력현상의 물리적 특성을 살펴보기 위해 이력곡선의 면적과 이력넓이에 대한
축적지수(scaling exponent)를 실험적으로 측정하였다. 이 측정결과는 우리 시스
템에서 나타난 이력현상이 평균장 형태를 따르는 다른 시스템에서의 열 이력과
유사함을 증명하였다. 주기적으로 변조된 저온 원자 시스템에서의 열적 이력 현
상의 연구 결과를 바탕으로 우리 시스템은 분자 스위칭, 열에 의한 금속-절연체
전이(MIT), 부동단백질(AFPs) 등에서 연구되고 있는 열 이력현상 이해를 위한
좋은 모형이 될 것으로 기대한다.
주요어 : 비평형, 매개변수 공진, 이산 시간병진 대칭성 깨짐, 평균장 이론, 열적
이력현상, 임계 속도 둔화, 규격 행동
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